The effect of hydrogen plasma treatment of iron oxide films on the growth and microstructure of carbon nanotubes (CNTs) by microwave plasma enhanced chemical vapor deposition process has been investigated. Microwave plasma was characterized in-situ using optical emission spectrometer. Morphology of the films was examined by scanning electron microscopy. Structural analysis was carried out by high resolution transmission electron microscopy (HRTEM) equipped with energy dispersive X-ray spectroscopy (EDS) and micro-diffraction attachments. It is found that oxide films without H 2 plasma pretreatment or treated for lesser time resulted in CNT films with high percentage of carbonaceous particles and with embedded particles/nanorods distributed discontinuously in the cavity of the nanotubes. The embedded particles were found to be of iron carbide (Fe-C) as confirmed by HRTEM, EDS and micro-diffraction analysis. Experimental observations suggested that the iron oxide particles had poor catalytic action for CNT growth and in-situ reduction of oxide clusters to Fe by hydrogen plasma plays a key role in discontinuous filling of the nanotubes by the catalytic particles. [12] [13] [14] have been used to synthesize CNTs. CVD methods (both thermal and plasma enhanced) are reliable in producing multiwalled CNTs (MWNTs) with proper control over the process parameters. Plasma enhanced CVD, however, can produce CNTs with a higher growth rate, at low temperature, and with better reproducibility. The plasma not only ionizes the gas but also causes a local surface heating [15] . Consequently, growth temperature could be significantly decreased compared to non-plasma CVD processes. In addition, the plasma atmosphere may also influence the detailed catalyst surface kinetics in many ways [16] and hence the growth of carbon nanostructures.
Since its discovery carbon nanotube [1] has attracted great attention because of its unique structure and properties. The unique structure-properties combination of CNTs have open up a wide range of research and their potential applications such as flat panel displays [2], gas storage [3] , sensors [4] , scanning probe microscope tips [5] , single molecular transistors [6] , nanotweezers [7] , high power electrochemical capacitors [8] , solar cells [9] , etc. Several methods such as arc discharge [10] , laser ablation [11] , and different forms of chemical vapor deposition (CVD) [12] [13] [14] have been used to synthesize CNTs. CVD methods (both thermal and plasma enhanced) are reliable in producing multiwalled CNTs (MWNTs) with proper control over the process parameters. Plasma enhanced CVD, however, can produce CNTs with a higher growth rate, at low temperature, and with better reproducibility. The plasma not only ionizes the gas but also causes a local surface heating [15] . Consequently, growth temperature could be significantly decreased compared to non-plasma CVD processes. In addition, the plasma atmosphere may also influence the detailed catalyst surface kinetics in many ways [16] and hence the growth of carbon nanostructures.
Growth of CNTs and their microstructures depend on several parameters such as growth technique, feed gases, growth temperature, catalyst, and catalyst preparation method as well as their state (solid, liquid or vapor). In plasma assisted CVD processes, dilution gases play a critical role in the growth of CNTs and the structure of CNTs can be tailored by judicious control over gas composition [17] . In our earlier report, we investigated the effect of different dilution gases such as H 2 , NH 3 and N 2 and their different composition on the growth and microstructure of CNTs by microwave plasma enhanced CVD (MPECVD) process on Fe coated Si substrates using C 2 H 2 as feed gas [17] . Plasma pretreatment of catalyst film can also affect the growth and structure of CNTs significantly especially in a high frequency plasma process such as MPECVD. To the best of our knowledge, effect of H 2 plasma pretreatment of iron oxide films on the growth and structure of CNTs by MPECVD process have not been reported. Therefore, the motivation for the present 
Experimental details
CNT films were deposited by MPECVD technique. The details of the experimental setup are described elsewhere [18] . In this study, oxidized Fe film of ~ 10 nm thickness on Si-substrates was used as a catalyst. The catalyst coated substrate was loaded into the reactor chamber of the MPECVD system and the chamber was evacuated to a base pressure of 5.0 ×10 -3 Torr by a mechanical rotary pump. The reactor chamber was then purged many times by H 2 gas to remove any residual gas. Finally, a pressure of 5 Torr for a H 2 /Ar flow rate of 50 sccm was maintained with the help of a throttle valve. The plasma of H 2 or Ar gas was ignited in the reactor chamber by applying microwave power. Three sets of samples (named as A, B, and C) were prepared. The experimental parameters for these samples are summarized in tab. 1. The growth of CNTs films by MPECVD process consisted of mainly two steps: (i) pretreatment of oxidized Fe films in H 2 or Ar plasma for 515 min, (ii) introduction of C 2 H 2 for the growth of CNTs films in C 2 H 2 + H 2 gas mixture for 10 min. Microwave power and chamber pressure of 500 W and 5 Torr respectively, were kept constant during both the pretreatment and growth for all the samples. Under these experimental conditions substrate temperature of ~ 600 o C was estimated. Surface morphology of the as grown films was investigated by scanning electron microscopy (SEM, LEO 435 VP) operating at 15 kV. Microstructural analysis was carried out by transmission electron microscopy (TEM, Philips CM 12 and TECNAI 20T G2, FEI, Holland) equipped with micro-diffraction attachment. Energy dispersive x-ray spectroscopy (EDS, EDAX Inc., USA) attached with analytical TEM TECNAI 20T, G2 was used for elemental analysis of the embedded particles. The EDS spectra were recorded at an operating voltage of 200 kV, probe size of 15 nm using low background double tilt holder and GENESIS software. For TEM specimens, a piece of film was peeled-off from the substrate and ultrasonicated in acetone for 10 min. Few drops of the dispersion were then placed on holy carbon coated copper grid.
In-situ diagnosis of microwave plasma was carried out using an optical emission spectrometer (OES) (EP200 Msd, Verity Instrument). This instrument consists of a scanning monochromator with a focal length of 0.2 m and a spectral range of 200900 nm. A concave holographic grating with an optimal resolution of 0.2 nm and a slit size of 50 μm was used. The detector was a photomultiplier tube. The radiation from the plasma was collected through a quartz window and focused onto the monochromator slit by a quartz lens. The acquisition and analysis were done by a computer. The plasma was recorded at the centre of the cavity where both electron temperature and plasma density were the maximum.
Results and discussion
Figure 1(a)-(c) show the representative low magnified SEM images of samples A, B and C respectively. The corresponding highly magnified SEM images of these samples are shown in Fig.  1(d) , 1(e) and 1(f) respectively. Sample A contains high percentage of carbonaceous clusters and CNTs appear to be embedded in amorphous carbon (a-C) matrix whereas sample B has high density of entangled and relatively clean nanotubes though it also has a lot of carbonaceous clusters. Sample C has the highest density of clean nanotubes among the three samples.
TEM studies showed that all the samples had MWNTs with large variation in their length and diameters. Inner and outer diameters of the nanotubes were found in the range of 515 nm and 1050 nm respectively. However, a remarkable change in the microstructures of CNTs of the three samples was observed. Samples A and B were observed to contain ~ 50 % of nanotubes with embedded catalytic particles in their cavities (estimated from TEM investigations). Some of the representative TEM images of the filled MWNTs of sample B (and sample A) are shown in Fig. 2 . A low magnification TEM image of the filled CNT is shown in Fig. 2 (a) showing embedded particles in different sections of the tube. The magnified images of the filled regions are shown in the insets of Fig. 2 (a) . For more clarity of nanotube filling, a dark field image of such a nanotube is shown in Fig. 2 (b) . The embedded particles are elongated along the tube axis forming nanorods. The length of such nanorods was found in the range of 30-200 nm and diameter equal to inner diameter of the CNTs. Some of the embedded nanorods were more than 500 nm in length (see Fig. 2 (d) ). The shape and size of the embedded particles and nanotube cores were found to be interlinked. It is to be noticed that embedded particles/nanorods are lying mostly at positions where either tube is distorted or compartment formation occurs as clearly seen from TEM images in Fig. 2 (b) and (c) . TEM image shown in Fig. 2 (d) clearly suggests the fluid-like nature of the embedded particles and the inner wall of the tube is completely wet by the embedded particles. The typical HRTEM image of an embedded particle is shown in Fig. 2 (e) which clearly shows that the particles have crystalline structure. The inter-planar spacing of ~ 0.238 nm and Figure 3(a) shows the EDS spectrum recorded from embedded particle region of the tube (shown in the inset). Strong signals corresponding to Fe (6.400 keV for K  and 7.058 keV for K  ) are observed. Signals corresponding to C and Cu are attributed to carbon coated Cu-microgrid used for specimen preparation. A noticeab small signal corresponding to O is also observed which could be due to oxidation of Fe particles lying on the outer surface of the tube since the probe used for recording spectra was coarse (>15 nm) and also the specimen was exposed to the ambience for many days after preparation. Figure 3(b) shows the representative TEM image of sample C. High percentages (>80% estimated from TEM investigation) of nanotubes were found to have hollow cavity (without embedded particles). However, some very random shaped fibers were also observed. Several models proposed on the role of metal catalysts in the growth of CNTs by CVD methods mostly based on the mechanism suggested by Baker et al. [19] . In the present study, Ar/H 2 plasma pretreatment of the iron oxide film resulted into high density of nanoparticles (not shown here) which catalyzed the nucleation and growth of CNTs on the introduction of C 2 H 2 in the plasma [17] . The observation of a-C in samples A, and B and relative increase in the percentage of a-C with decreasing H 2 plasma pretreatment time of oxide films suggest the poor catalytic activity of oxide for CNTs growth as also reported by other methods [20, 21] . In case of sample C, most of the iron oxide clusters are supposed to be reduced to Fe after 15 minutes of H 2 plasma treatment since plasma contains a lot of active H-species as observed by in-situ OES of the H 2 and H 2 +C 2 H 2 plasma in 200900 nm wavelength range as shown in Fig. 4 . The major emission lines observed in the H 2 plasma are H α (656.6), [22] [23] [24] . Upon C 2 H 2 addition, apart from all lines and bands present in H 2 plasma, C 2 (516.5) Swan band and CH (431.4) band were also observed. But in the whole spectrum H-species which play a significant role in removing the excess carbon species in CNTs nucleation and growth by forming volatile species [17] was the most intense whereas C 2 and CH lines had very low intensity. Random growth orientation and the preferential precipitation of carbon around the particle might have incorporated defects in the growing nanotube walls and hence the irregular microstructures.
Although the Fe/Fe-C carbide filling of high percentage of CNTs in case of samples A and B is not yet fully understood, a possible mechanism on the basis of our experimental observations may be suggested as follows. Upon treatment in H 2 plasma for 5 minutes or lesser times, iron oxides clusters possibly get reduced to Fe partly and become catalytically active. When C 2 H 2 is introduced in the plasma, CNTs nucleate around the partly formed Fe particles as per the mechanism by Baker et al. [19] . Carbon species present in the plasma get adsorbed on the surface of the partly formed Fe particles followed by the diffusion of carbon atoms into/on the Fe particles to form metastable iron-carbon alloy, which finally precipitates as crystalline tubular structures upon supersaturation. The tube so formed continues to grow away from the particle by the continuous supply of carbon atoms on the contact region between catalytic particle and the already formed tube segment. The precipitated graphite layers tend to wrap tightly around the Fe clusters to minimize their surface energy consequently changing the shape of the particles (as observed in Fig. 2 ). The growth of nanotubes and reduction of oxide particles to Fe occur simultaneously in C 2 H 2 +H 2 plasma. As the reduction process of oxide clusters continues with time, more and more parts of the Fe particles participate in the growth process resulting in encapsulation of larger sections of the particle. The mechanism for discontinuous filling and rod formation can be explained as below.
It is known that the melting point of nanocrystalline particles is size dependent [25] . In addition, carbon-saturated metallic nanoparticles melt at temperatures far below the bulk melting point of the metal [26, 27] . Schaper et al. [27] observed the motion of liquid/quasi liquid metal particle in the core of nanotube along the tube axis. They accounted this to the surface tensional forces buildup at the core material/tube interface and the compressive stress during thickness growth of the graphitic wall. Similarly, Ichihashi et al [28] observed tubulization of carbon nanopillar and liquid-like behavior of iron particles in real time TEM measurements of a-C nanopillars. In our observations also catalyst particles are supposed to be in the liquid or quasi-liquid state during nanotube growth (as observed in Fig. 2 (d) ) because of the low dimension and the metal-carbon alloy formation. Also, it is believed that the local temperature http://www.nmletters.org could be much higher due to plasma [15] compared to the average substrate temperature measured (~600 0 C). The elongation or stretching of the encapsulated particle occurs probably due to the interplay between the catalyst surface and the graphite layers precipitated. The precipitated graphite layers have high surface and elastic energy and the layers tend to tighten the catalytic particle to acquire minimum energy configuration consequently moulding the embedded particle as per the shape of the inner core of the growing tube. Sometimes catalytic particles can even be stretched into parts and it is believed that the catalytic particles are fragmented at different stages of the growth irregularly. The smaller particles move in the core because of their liquid-like nature and coalesce to form bigger particle. Therefore, nanorods are formed as a result of frequent fragmentation of the catalytic particle during growth followed by their coalescence in the tube core. More and more parts of the catalyst particle are trapped into the tube as it grows longer and longer resulting in the discontinuous filling of the nanotubes (see Fig. 2 ). In MPECVD process, cooling (after growth process) takes place comparatively faster once plasma is switched off. Eventually some amount of carbon remains in the embedded particles even at room temperature resulting in carbide phase of these particles. Estimation of actual percentage of carbon in these particles is difficult at this stage as some of the embedded particles may be pure Fe.
Conclusion
The effect of hydrogen plasma pretreatment of iron oxide films on the growth and microstructure of CNTs has been investigated by MPECVD process. Experimental observations suggested that iron oxide itself has poor catalytic activity for CNTs growth. Hydrogen plasma plays an important role both in catalyst preparation and CNTs growth. Oxide films treated for lesser time result in Fe/Fe-C filled MWNTs which is attributed to in-situ reduction of iron oxide clusters to Fe by active hydrogen species in the plasma. Discontinuous filling has been suggested due to the fragmentation of the catalytic particle at different stage of growth and their liquid-like nature. The present results provide useful information for achieving metal/metal carbide filled CNTs using metal oxide as the catalyst.
